In mammalian cells, chromosomal double-strand breaks are efficiently repaired, yet little is known about the relative contributions of homologous recombination and illegitimate recombination in the repair process. In this study, we used a loss-of-function assay to assess the repair of double-strand breaks by homologous and illegitimate recombination. We have used a hamster cell line engineered by gene targeting to contain a tandem duplication of the native adenine phosphoribosyltransferase (APRT) gene with an I-SceI recognition site in the otherwise wild-type APRT ؉ copy of the gene. Site-specific double-strand breaks were induced by intracellular expression of I-SceI, a rare-cutting endonuclease from the yeast Saccharomyces cerevisiae. I-SceI cleavage stimulated homologous recombination about 100-fold; however, illegitimate recombination was stimulated more than 1,000-fold. These results suggest that illegitimate recombination is an important competing pathway with homologous recombination for chromosomal double-strand break repair in mammalian cells.
Chromosomal double-strand breaks are particularly dangerous lesions for cells; they can lead to the loss of chromosomes or chromosome segments or to the rearrangement of genetic information. Any of these outcomes is potentially lethal. To minimize these genetic consequences, most cells use two pathways for the repair of double-strand breaks: repair by homologous recombination and repair by illegitimate recombination. Whereas homologous recombination requires extensive tracts of sequence homology, illegitimate recombination is distinguished by its ability to join sequences with little or no homology.
The repair of double-strand breaks has been extensively studied in the yeast Saccharomyces cerevisiae, where chromosomal breaks induced in vivo are repaired almost exclusively by homologous recombination. Illegitimate recombination is observed only in cells defective in the Rad52 pathway or in cells where there is no homolog available for repair by homologous recombination (9, 18, 33) . This is in contrast to mammalian cells, where the repair of double-strand breaks by illegitimate recombination occurs with high efficiency (27) , often making it difficult to detect homologous recombination. Until recently, however, it has been difficult to study the repair of doublestrand breaks at the molecular level in mammalian cells in a defined chromosomal context. Induction of site-specific double-strand breaks has been demonstrated in mammalian and plant cells, as well as S. cerevisiae, by using the yeast intron-encoded I-SceI and PI-SceI endonucleases (3, 4, 10, 22, 24, 28) . These enzymes have recognition sequences of 18 and 31 bp, respectively (5, 20) , and should be found rarely, if at all, in mammalian genomes. Consistent with this expectation, expression of I-SceI in mammalian cells appears to be nontoxic (28) , and electroporation of PI-SceI into human cells shows little cell killing (3) . I-SceI has been shown to stimulate recombination between extrachromosomal plasmids containing the I-SceI recognition site (28, 31) and between extrachromosomal vectors and an I-SceI-containing chromosomal target (4, 29) . PI-SceI has been shown to stimulate intrachromosomal homologous recombination between tandem repeats, one of which contained the PI-SceI recognition site (3) . These studies were designed as gain-offunction assays to study homologous recombination; however, illegitimate recombination events were also captured as unselected companion events (29) or as rare deletions that "corrected" insertion mutations (6) .
The apparent stimulation of both homologous and illegitimate events led us to design a loss-of-function assay so that we could gauge the full spectrum of events stimulated by doublestrand breaks. We used a tandem duplication of the adenine phosphoribosyltransferase (APRT) gene in CHO cells, in which the downstream copy was APRT ϩ and wild type except for insertion of the I-SceI recognition sequence in the second intron ( Fig. 1 ). This modified APRT locus can become APRT Ϫ by homologous recombination (both crossovers and gene conversions), by illegitimate recombination (all forms of gene rearrangement [deletions, duplications, insertions, inversions, and translocations]), and by point mutation (base changes and frameshifts). These experiments show that both homologous and illegitimate recombination are substantially stimulated by I-SceI-induced double-strand breaks.
Cell culture and recombination experiments. GSAA5 cells were transfected with uncut pCMV-I-SceI by calcium phosphate (14) or with the cationic lipid vesicle preparation Lipofectamine as recommended by the manufacturer (Gibco/ BRL). After transfection, cells were grown for 5 to 7 days in nonselective medium to allow the expression of I-SceI and the APRT Ϫ or TK Ϫ recombinant phenotypes. These cells were then harvested and replated in medium containing the drug fluoroiodoarabinosyluridine (FIAU) to select for TK Ϫ cells, in 8-azaadenine to select for APRT Ϫ cells, or in medium containing both drugs to select for TK Ϫ APRT Ϫ cells (30) . Cells were grown in selection for 2 weeks before drug-resistant colonies were picked and plates were stained for colony counts. To ensure that independent I-SceI-induced events were characterized, only one colony was picked from an individual transfection for each drug selection and then expanded in nonselective medium for PCR and Southern analysis (30) .
For illegitimate recombination experiments using GS19-43 cells, the same protocol was used except that selections were done in 8-aza-adenine to select for APRT Ϫ cells or 8-aza-adenine and 100 M 6-thioguanine to select for APRT Ϫ guanine phosphoribosyltransferase-negative (GPT Ϫ ) cells. In transfections with the control vector pSXneoT 2 AG 3 , cells were replated 3 days after transfection at a density of 10 5 cells/100-mm-diameter dish into medium containing 375 g of G418 per ml and grown in selection for 2 weeks before staining for colony counts. To assay for transfection efficiency, cells treated with the vector pCMV-␤-galactosidase were replated 24 h after transfection and stained for ␤-galactosidase activity 48 h posttransfection (12) .
DNA analysis. Southern analysis and PCR of the tandemly duplicated cell lines and their recombination products were done as previously described (30) . The locations of PCR primers used for analysis of illegitimate recombinants are shown in Fig. 6 , and their sequences are available on request. DNA sequencing was done on gel-purified PCR products, using a Stratagene Cycle Sequencing kit according to the manufacturer's instructions. Database searches of GenBank 89 were carried out by using the fastdb program in the IntelliGenetics suite.
RESULTS

Experimental design.
To investigate the influence of doublestrand breaks on intrachromosomal recombination, we used gene targeting to construct a 6.8-kb tandem duplication at the native APRT locus that contained an I-SceI recognition site in intron 2 of the downstream copy of the APRT gene (Fig. 1) . The structure of the recombination substrate in GSAA5 cells is analogous to those that we have used previously (30) and thus allows us to compare the effects of I-SceI-induced cleavage with the effects of other modifications introduced at the same site in the APRT gene. The I-SceI recognition site, which should be rare in the hamster genome, enables us to introduce a site-specific double-strand break in the APRT gene upon expression of I-SceI endonuclease in cells transfected with pCMV-I-SceI (28) .
In these experiments, the I-SceI expression vector, pCMV-I-SceI, was introduced into GSAA5 cells by treatment with calcium phosphate or cationic lipid vesicles. The effects of I-SceI-generated double-strand breaks on recombination were assayed by plating cells in drug selection mixtures specific for the phenotypes of different recombinants, whose molecular structures were then determined by PCR and Southern analysis as previously described (30) .
Since these cells are hemizygous for the APRT locus, homologous recombination in GSAA5 cells is limited to sequences shared by the tandem duplications. Similarly, in GS19-43 cells, which do not contain a tandemly duplicated structure (see Fig. 5 ), there is no chromosomal APRT copy for recombination repair.
Homologous recombination by crossovers. The tandem duplications in GSAA5 cells (Fig. 2 ) share 6.8 kb of homology that is divided into four intervals defined by three sequence differences between the upstream and downstream copies (the GPT gene, the exon 2 EcoRV site, and the intron 2 I-SceI site). Crossovers, which eliminate one copy of the repeat and the intervening plasmid sequences, were selected in two ways: crossovers in any of the four intervals were selected as TK (Table 1 ). On average, 2.9 cells per 10 4 cells surviving transfection have undergone a recombination event resulting in loss of the TK gene. No differences were observed between methods of transfection (CaPO 4 or Lipofectamine), nor was any stimulation of recombination observed in transfections with the control plasmids, pBluescript and pCMV-␤-galactosidase.
If these I-SceI-stimulated recombinants actually arose as a result of a double-strand break introduced at the I-SceI site, then the distribution of crossover sites should be dramatically different from that observed among spontaneous events: in contrast to spontaneous events, the majority of I-SceI-stimulated events are expected to have a structure identical to that expected for a crossover in interval 4. (Because the I-SceI site is expected to be eliminated by recombinational repair of the double-strand break, the actual crossover could have arisen in interval 3 or interval 4; we will refer to these products as interval 4 recombinants to emphasize the final structure.) The molecular structures of the APRT genes in several independent I-SceI-stimulated TK Ϫ and TK Ϫ APRT Ϫ cells are summarized in Fig. 3A and compared to the distribution of spontaneously occurring TK Ϫ and TK Ϫ APRT Ϫ recombination products recovered in previous experiments (30) . In pCMV-ISceI transfections, 100% (11/11) of TK Ϫ cells were interval 4 recombinants, in contrast to 15% (5/33) of spontaneous recombinants. Similarly, in pCMV-I-SceI transfections, 100% (12/12) of TK Ϫ APRT Ϫ cells were interval 4 recombinants, compared to 54% (29/54) of spontaneous recombinants.
Homologous recombination by gene conversion. Gene conversions involve exchanges of sequence information between the repeats that do not alter the tandem structure. Here they are detected as a transfer of the EcoRV mutation from the upstream copy to the downstream copy, which yields APRT Analysis of the molecular structures of the APRT locus in 14 independent APRT Ϫ colonies revealed eight gene conversions, three crossovers, and three rearrangements (Fig. 3B) . As with directly selected crossovers, the three crossovers recovered after selection for APRT Ϫ cells were interval 4 recombinants (data not shown).
If the gene conversion events arose as a result of a doublestrand break introduced at the I-SceI site, they are expected to have lost the I-SceI site in addition to gaining the EcoRV mutation. As shown in Fig. 3B , 7 of 8 (88%) of the I-SceIstimulated convertants have lost the I-SceI site, compared to 17 of 58 (30%) of spontaneous convertants. In addition, 6 of 8 (75%) of I-SceI-stimulated convertants have coconverted the GPT gene, compared to 9 of 58 (16%) of spontaneous convertants. The single event that retained the I-SceI site presumably represents a background spontaneous event.
In these experiments, APRT Ϫ cells can arise by mutation and rearrangements in addition to crossovers and gene conversion. In our analysis of spontaneous APRT Ϫ events 4 of 88 (5%) of APRT Ϫ cells arose by spontaneous point mutations but no rearrangements (0 of 88 APRT Ϫ cells) were detected (Fig. 3B) . In pCMV-I-SceI-transfected cells, however, 3 of 14 (21%) of the APRT Ϫ cells resulted from a rearrangement that altered the structure of the locus (Fig. 3B ). Southern analysis of these cell DNAs revealed that the upstream copy of the APRT gene was unaltered, as seen by the presence of a 6.0-kb BglII fragment in all three APRT Ϫ cell lines (Fig. 4A , lanes 2 to 4); however, the downstream copy was altered, as judged by the absence of the diagnostic 5.6-kb BglII fragment and the presence of novel fragments larger than the diagnostic fragment. PCR analysis showed that the downstream copy retained the GPT gene and the wild-type exon 2 EcoRV site (data not shown). The increased size of the BglII fragment coupled with the retention of sequences on both sides of the BglII site (the downstream BglII site is in an essential region; see Discussion) suggested that these rearrangements arose by insertion of DNA at the I-SceI site. This was confirmed for GS20-5 and GS20-10, a cell line with a similar rearrangement that arose in a separate experiment, by DNA sequence analysis. The finestructure analysis of these two insertions is shown in Fig. 7B .
Illegitimate recombination. The presence of three rearrangements among the 14 APRT Ϫ cells characterized above suggested that I-SceI might stimulate illegitimate recombination in addition to homologous recombination. To investigate the influence of I-SceI-induced double-strand breaks on illegitimate recombination, we used a cell line with a single wildtype copy of the APRT gene, which contained the I-SceI recognition sequence in intron 2, and the upstream GPT gene (Fig. 5) . This cell line, GS19-43, was isolated as an interval 1 crossover product from the GSAA5 cell line used in the experiments described above. In GS19-43 cells, APRT Ϫ point mutations and gene rearrangements can be selected with 8-aza-adenine, whereas GPT Ϫ APRT Ϫ cells can be selected by using both 6-thioguanine and 8-aza-adenine.
Transfection of GS19-43 cells with the I-SceI expression vector resulted in a 50-to 100-fold stimulation in the appearance of APRT Ϫ cells and a 55-to 85-fold stimulation in GPT Ϫ APRT Ϫ cells relative to transfection with the control vector pCMV-␤-galactosidase or pSXneoT 2 AG 3 ( Table 2 ). On average, about 3.8 cells per 10 4 of the pCMV-I-SceI cells surviving transfection underwent an event resulting in loss of APRT gene expression. Since the I-SceI site is located in intron 2, 376 bp away from the nearest exon, certain types of rearrangements, small deletions in particular, will not be detected in these experiments. Thus, these measurements may underestimate the true frequency of I-SceI-stimulated illegitimate recombination.
The molecular structures of these APRT Ϫ and APRT Ϫ GPT Ϫ cells were determined by Southern analysis, PCR, and DNA sequencing. Two spontaneous APRT Ϫ cell DNAs, arising from control transfections, and 23 I-SceI-stimulated APRT Ϫ and APRT Ϫ GPT Ϫ cell DNAs were cut with BamHI and analyzed by Southern blotting using the 4.0-kb BamHI APRT fragment as a hybridization probe (Fig. 4B) . Unlike the two spontaneous mutants, which have retained the wild-type 4.0-kb fragment (Fig. 4B, lanes 4 and 5) , DNAs from all 23 I-SceI-stimulated APRT Ϫ or APRT Ϫ GPT Ϫ cells have lost the diagnostic 4.0-kb fragment and have acquired novel fragments. The gene rearrangements yielded either a single band (Fig. 4B , lanes 2, 3, and 6 through 16) or two bands (Fig. 4B, lanes 17  through 26) .
To determine whether I-SceI-stimulated rearrangements had altered the DNA sequence around the I-SceI site, we used PCR analysis. Because amplification across the I-SceI site was possible in only a minority of rearrangements (see below), we used PCR of sequences flanking the I-SceI site (Fig. 6 ) to determine the extents of deleted DNA in these 23 APRT (Fig. 6 ). Of these 35 cell lines, 17 had deletions of less than 400 bp, and no cell lines that had deletions of greater than 8 kb were recovered.
Of the 11 I-SceI-stimulated APRT Ϫ GPT Ϫ illegitimate recombinants isolated, seven cell lines had deletions of the GPT gene, as expected, whereas three lines retained a GPT gene indistinguishable by PCR from the wild-type GPT gene. Presumably these cells are GPT Ϫ due to point mutations or methylation of the GPT gene, but they have not been characterized further. Additionally, one I-SceI-stimulated APRT Ϫ cell line gave a GPT Ϫ gene PCR product approximately 100 bp smaller than the wild-type GPT gene, presumably due to a small deletion within the gene.
DNA sequence analysis of gene rearrangements. Seven ISceI-stimulated gene rearrangements, five from experiments using GS19-43 cells and two from experiments using GSAA5   FIG. 3 . Distribution of recombinants. See Fig. 2 for a description of crossover intervals. Data for spontaneous recombination events are taken from a previous study of recombination in APRT, using similar tandemly duplicated structures (30) . cells (cell lines GS20-5 and GS20-10), were amplifiable by PCR primers that spanned the rearrangements. The lack of PCR amplification for other rearrangements may indicate that they arose by translocation, inversion, or insertion of a large segment of DNA. We have not characterized these rearrangements further. The structures of the amplifiable rearrangements were examined by DNA sequencing. A fine-structure map and the DNA sequences across the rearrangement junctions are shown in Fig. 7 .
Six of seven of the PCR-amplified gene rearrangements have rearrangement junctions in the I-SceI recognition sequence. The sole exception, rearrangement 1 (Fig. 7) , has an intact I-SceI site with a deletion between APRT nucleotides 1592 and 1773; this event may have arisen spontaneously. Rearrangements 2 and 3 ( Fig. 7) are 529-and 826-bp deletions, respectively, both with one junction in the I-SceI recognition sequence. All three deletions cover exon sequences, which is sufficient to account for their APRT Ϫ phenotypes. Rearrangements 4 through 7 have novel DNA sequences inserted into the I-SceI recognition site ranging in size from approximately 0.9 to 2.1 kb. Only rearrangement 7 had a substantial accompanying deletion of 866 bp extending into exon 2; the other three rearrangements retained sequences from both halves of the I-SceI recognition site. In rearrangement 6, the single-strand extensions left by I-SceI cleavage were both retained in the product (boldface TTAT in Fig. 7) .
Two of the insertions originated from vector DNA used in the transfections (rearrangements 6 and 7). In rearrangement 6, part of the CMV enhancer/promoter, used to drive the I-SceI and ␤-galactosidase genes, was linked to the 5Ј half of the I-SceI recognition site, while noncontiguous plasmid sequence encoding the ␤-galactosidase gene was linked to the 3Ј half of the I-SceI site. In rearrangement 7, an unidentified DNA sequence was linked to the junction in exon 2, whereas part of the CMV enhancer/promoter was linked to the 3Ј half of the I-SceI site.
The remaining two insertions originated from chromosomal locations outside the APRT locus. In rearrangement 4, an unidentified DNA sequence was linked to the 5Ј half of the I-SceI sequence, and insert DNA with 80% identity to a human Presumably this repeat has been conserved between hamster and human cells. The 5Ј side of the rearrangement 5 insert had an unusual conversion of I-SceI sequence to wild-type APRT sequence with a duplication of at least 58 bp of downstream APRT sequence. The extent of this duplication has not been determined. The insert DNA at the 3Ј side of the rearrangement shows 60% identity to an L1 repeat (34) . The characteristics of the junctions described here are typical of illegitimate recombination junctions generated by the joining of DNA ends seen in other studies (6, 10, 15, 21, 27, 25, 29) . Of the six junctions where the recombining DNAs are known, rearrangements 2 and 6 had no homology at the junctions, three rearrangements had microhomologies at the junction (rearrangements 1 and 3 had one nucleotide of homology, and rearrangement 7 had three nucleotides of homology), and one (rearrangement 6) had a 2-bp insert.
DISCUSSION
Using loss-of-function assays at the APRT locus in CHO cells, we have shown that I-SceI-induced site-specific doublestrand breaks substantially stimulate both homologous recombination and illegitimate recombination in mammalian cells. Homologous recombination was assayed in a targeted cell line that carried a 6.8-kb duplication of the APRT gene and 5Ј flanking sequences (Fig. 2) . Expression of I-SceI endonuclease from a transfected vector stimulated crossover recombination 20-to 50-fold over the entire 6.9 kb of homology (TK Ϫ selection [ Table 1 ]) and 270-to 280-fold in a narrower 1.7-kb segment of the APRT gene (TK Ϫ APRT Ϫ selection [ Table 1 ]). Previously we had used a gain-of-function assay at the hypoxanthine/guanine phosphoribosyltransferase locus in human cells to demonstrate that site-specific double-strand breaks, which were generated by electroporation of PI-SceI endonuclease, stimulated homologous crossover recombination in a 6.9-kb interval in a dose-dependent manner, up to a maximum of 10-fold after treatment with 500 U of enzyme (3). The greater stimulation of crossover recombination observed in the present studies is likely due to increased levels, or greater persistence, of expressed I-SceI compared to electroporated PI-SceI but could also be due to a difference in the efficiency of cleavage in the two assay systems.
In our previous studies with PI-SceI, we were unable to determine whether crossovers were stimulated at the site of the suspected break because the 6.9-kb duplicated segments were identical except for the PI-SceI recognition site. In this study, the duplicated region was divided into four intervals by sequence differences between the upstream and downstream copies of the APRT gene (Fig. 2) , allowing us to determine whether the stimulated events were generated by crossovers near the I-SceI recognition site. All 26 crossover recombinants that were analyzed (Fig. 3) were interval 4 recombinants, as expected if the recombination events were initiated by a double-strand break at the I-SceI recognition site. This distribution of recombinants is dramatically different from that observed for spontaneous events, which were distributed in intervals of homology in proportion to the relative length of the interval (Fig. 3) .
Among spontaneous homologous recombinants at the APRT locus, gene conversions outnumber crossovers by 6-to 10-fold (Table 3) . Among I-SceI-stimulated events, gene conversions are also more numerous than crossovers, but only by about three-to fivefold, as assessed by frequency (8.4 ϫ 10 Ϫ4 versus 1.8 ϫ 10 Ϫ4 [ Table 3 ]) and by distribution of events (8 versus 3 Fig. 3B ). Analysis of individual convertants showed that seven of eight had coconverted the I-SceI recognition site and the EcoRV site, as expected if the events were initiated by breaks at the I-SceI site and were converted to an APRT Ϫ phenotype by transfer of the EcoRV mutation from the upstream copy (Fig. 3B ). Of these seven events, six had also converted the GPT gene, which is 0.6 kb upstream of the EcoRV site (Fig. 3B) . Among comparable spontaneous events, only 9 of 17 had coconverted the GPT gene (Fig. 3B) . We explore this difference in more detail below.
By using a loss-of-function assay at the APRT locus in GSAA5 cells, which contain the tandem duplication of APRT sequences, we were able to compare homologous recombination (conversions and crossovers), illegitimate recombination (rearrangements), and point mutation. Of 14 I-SceI-stimulated events, 11 arose by homologous recombination, 3 were found to have rearrangements in the downstream copy of the APRT gene, and none were identified as point mutants (Fig. 3B) . (In this study, point mutants are operationally defined: they possess the same tandemly duplicated structure as the parent, as assessed by Southern blotting and PCR; however, they lack the EcoRV mutation in the downstream copy, which distinguishes them from gene convertants.) The Ͼ10-fold change in the ratio of rearrangements recovered from spontaneous APRT Ϫ versus I-SceI-treated cells (0/88 versus 3/14) coupled with the 100-fold change in the frequency of APRT Ϫ cells (Table 1) suggests that I-SceI cleavage stimulates illegitimate recombination more than 1,000-fold. We confirmed this high-level of stimulation by using GS19-43 cells, which contain a single copy of the APRT gene (Fig. 5) , to examine the effects of I-SceI expression on illegitimate recombination in the absence of homologous recombination. Treatment of these cells with I-SceI increased the frequency of APRT Ϫ cells 50-to 100-fold over spontaneous levels ( Table 2 ). Analysis of 35 independent I-SceI-stimulated events showed that all 35 carried identifiable rearrangements. By contrast, analysis of eight independent spontaneous events that arose in control transfections with pSXneoT 2 AG 3 and pCMV-␤-galactosidase showed that all eight resulted from point mutation. This limited analysis of spontaneous events is consistent with previous studies (16, 19) , which showed that about 1 in 10 spontaneous APRT Ϫ cells carries a rearrangement. Once again, the change in the ratio of rearrangements to point mutations (0/8 to 35/35) coupled with the change in frequency of APRT Ϫ cells suggests that I-SceI cleavage stimulates illegitimate recombination more than 1,000-fold.
The observation that double-strand breaks stimulate illegitimate recombination more than homologous recombination (ϳ1,000-fold versus ϳ100-fold) suggests that mammalian cells may preferentially repair double-strand breaks by illegitimate recombination, as has been suggested previously (26, 27) . This is almost certainly the case in the G 1 phase of the cell cycle because interchromosomal homologous recombination is exceedingly rare in mammalian somatic cells, even after a double-strand break is introduced (1a, 6). In the rest of the cell cycle, homologous repair of a break could occur by using the sister chromatid as the intact template. From genetic studies of mouse cells, using tandem duplications analogous to the one used here, it has been estimated that 80% of spontaneous homologous recombination events occur between the upstream and downstream copies on sister chromatids (2) . What is unknown is the frequency with which homologous recombination involves the identical copy on the sister chromatid; such an event occurs without genetic consequence in somatic cells and thus would remain undetected in genetic experiments. Until the magnitude of this class of events is defined, it is not possible to draw firm conclusions about the relative contributions of homologous and illegitimate recombination to the repair of double-strand breaks.
Of the 35 I-SceI-stimulated rearrangements that were characterized, 34 had alterations affecting the I-SceI site, as expected if a double-strand break were introduced at that point. PCR analysis was used to estimate the extent of DNA lost from the broken ends (Fig. 6 ). More than half of the ends retained DNA identified by the PCR primers closest to the I-SceI recognition site: 19 of 34 left ends retained DNA within 34 nucleotides of the cut site; 21 of 34 right ends retained DNA within 20 nucleotides of the cut site. None of the right ends had lost DNA identified by a primer at position 3698, which is within the putative final exon for a convergently transcribed essential gene (1, 8a, 15) . Since these cells are hemizygous for the region around the APRT gene and thus have a single copy of this essential gene, loss of this DNA would be lethal. Although the presence of an essential gene limits the loss of DNA that can be observed downstream of the APRT gene, it is useful in studying rearrangements involving the APRT locus since it provides a preserved sequence tag adjacent to the site of rearrangement. Loss of DNA from the left ends is unrestricted by essential sequences for at least 170 kb on the 5Ј side of the APRT gene (16); hence, the observed loss (Fig. 6 ) probably reflects the natural extent of cellular processing of the I-SceI-induced double-strand breaks. Losses of greater than 8 kb were not observed among the analyzed rearrangements. Furthermore, since all of the rearrangements with the twoband Southern pattern (Fig. 4B , lanes 17 to 26) retained both BamHI sites by PCR analysis (Fig. 6) , these rearrangements could be explained as translocations, inversions, or large insertions (in some cases of up to 18 kb).
The analysis of I-SceI-induced rearrangements at the DNA sequence level was identified by sequencing PCR products for five rearrangements isolated from GS19-43 cells and for two rearrangements isolated from GSAA5 cells (Fig. 7) . (The rest of the rearrangements failed to amplify by PCR, as might be expected for translocations, inversions, or large insertions.) The characterized rearrangements included three deletions and four insertions. The inserted DNAs, which were partially sequenced, included plasmid sequences attached to three of the eight ends and presumptive chromosomal sequences attached to five of the eight ends. All three deletions and one of the insertions had lost at least one APRT exon, which accounted for their APRT Ϫ phenotype. Three of the insertions had not deleted essential APRT sequences yet were also APRT Ϫ ; presumably they are APRT Ϫ either because their inserted DNAs interfere with APRT expression (23) or because they suffered associated mutations in essential APRT sequences. The latter possibility could explain the four rearrangements that were isolated by selection for GPT Ϫ APRT
Ϫ cells yet retained GPT sequences (Fig. 6) ; by PCR, one of these rearrangements has a GPT gene that is about 100 bp shorter than normal. Additional examples of this category are being isolated for sequence analysis of the GPT gene to determine whether illegitimate repair of double-strand breaks is associated with collateral mutations, as has been observed for homologous repair of double-strand breaks in S. cerevisiae (32) . The spectrum of rearrangements observed here differs from that observed for rearrangements induced at the APRT locus by electroporation of restriction enzymes (21) , presumably due to differences in experimental design. In those experiments, the electroporated restriction endonucleases cut in APRT exons and the majority of induced rearrangements were small deletions (of 1 to 36 bp) and insertions (of 1 to 273 bp); only 13 of 127 APRT Ϫ mutants were the result of larger rearrangements (21) . In our experiments, the I-SceI site is in intron 2, 376 bp away from the closest exon; thus, small deletions, for example, are not adequate to generate an APRT Ϫ phenotype. The absence of this prominent class of small rearrangements in our experiments suggests that we may significantly underestimate the stimulation of illegitimate recombination by I-SceI cleavage.
How insertions and more complex rearrangements arise is unclear. They could arise by joining of DNA ends: insertions by the capture of DNA fragments as is likely the case for plasmid inserts (Fig. 7) or complex rearrangements by joining with other chromosome breaks. Alternatively, or in addition, they could arise by the copy-join process recently proposed as a mechanism for random integration (13) . According to this mechanism, the exposed I-SceI-cut ends would invade extra- (30) . The rate for crossover is an average of TK Ϫ APRT Ϫ rate measurements made on three cell lines with duplicated APRT sequences identical to those in this study except for the specific DNA at the site of the I-SceI recognition sequence (30) . The rates for mutation and rearrangement were made in cells with a single wild-type copy of APRT (19, 16) , similar to GS19-43 cells; the overall rate at which APRT Ϫ cells were generated was apportioned into a mutation rate and a rearrangement rate based on the distribution into those two classes of independent events isolated in that study. The rate of conversion was calculated as the overall rate at which APRT Ϫ cells were generated (1.47 ϫ 10 Ϫ6 ) in the three cell lines with duplicated APRT sequences used by Sargent et al. (30) minus the calculated rates for conversion, rearrangement, and mutation.
b The left column shows the distribution of spontaneous events that led to APRT Ϫ cells in cell lines that carry tandem duplications analogous to the one used in these studies (30) . The right column shows the distribution of spontaneous events that led to APRT Ϫ cells in cell line GS19-43, which carries a single copy of APRT. c The frequency of I-SceI-stimulated TK Ϫ APRT Ϫ crossovers is averaged from experiments 1 and 2 in Table 1 . The frequency of I-SceI-stimulated APRT Ϫ rearrangements is taken as the average frequency of APRT Ϫ cells observed after I-SceI treatment of cell line GS19-43 (Table 2) , since no mutants were found among 35 events analyzed. The frequency of I-SceI-stimulated point mutations is estimated to be 10 Ϫ5 or less, based on the average frequency of APRT Ϫ cells (3.8 ϫ 10 Ϫ4 ) observed after I-SceI treatment of cell line GS19-43 and the absence of point mutants among 35 events analyzed ( Table 2 ). The frequency of I-SceI-stimulated conversions is the average frequency of APRT Ϫ cells observed after I-SceI treatment of cell line GSAA5 (1.40 ϫ 10 Ϫ3 ; Table 1 ) minus the frequencies of crossovers and rearrangements.
d The left column shows the distribution of I-SceI-stimulated events that led to APRT Ϫ cells in cell line GSAA5, which carries tandemly duplicated APRT sequences (Fig. 3A) . The right column shows the distribution of I-SceI-stimulated events that led to APRT Ϫ cells in cell line GS19-43, which carries a single copy of APRT. e Ratio of I-SceI-stimulated frequencies to spontaneous rates, calculated to give a measure of the relative effects of I-SceI treatment on conversion, crossover, rearrangement, and mutation. Because frequencies and rates cannot be compared directly, the ratio is not a measure of the fold stimulation. chromosomal or chromosomal DNA and prime DNA synthesis, linking the I-SceI ends to new DNA sequences. Depending on the site, or sites, of invasion, this could lead to inversions, duplications, or translocations. On the other hand, if the invading strand and newly copied DNAs were released and joined to the other I-SceI end, an insertion would be generated. In principle, multiple cycles of invasion, copying, and release could generate complex insertions that are derived from several genomic locations.
Overall, this study has investigated the relative contributions of homologous recombination (conversion and crossover), illegitimate recombination (rearrangement), and point mutation to the production of APRT Ϫ cells after treatment with I-SceI endonuclease ( Table 3 ). As summarized above, homologous recombination was stimulated at least 100-fold relative to spontaneous events, illegitimate recombination was stimulated at least 1,000-fold, and point mutations (unassociated with rearrangements) were stimulated 10-fold or less. The same rank order is evident in a comparison of the frequencies of I-SceI-stimulated events determined in this study with the previously published rates of spontaneous events (16, 30) : illegitimate recombination (rearrangement) was stimulated ϳ10-fold more than homologous recombination (conversion plus crossover) and at least 100-fold more than point mutations ( Table 3) .
The molecular events responsible for initiating spontaneous homologous recombination between chromosomal sequences in somatic cells are undefined. There is growing evidence that in S. cerevisiae, the initiating events during meiotic recombination are double-strand breaks (7, 35) . Is it possible that the initiating events for spontaneous homologous recombination in somatic cells are also double-strand breaks? Analysis of I-SceI-induced double-strand breaks at the APRT locus suggests that the answer may be no. If spontaneous double-strand breaks behaved like I-SceI-induced breaks, then spontaneous rearrangements would be expected to occur at about the same level as spontaneous conversions and crossovers, but they do not (Table 3) . It may be, however, that I-SceI-induced breaks differ significantly from spontaneous breaks in location, nature of the cleaved ends, or I-SceI binding at the ends (20) . Whatever events initiate spontaneous homologous recombination, they only rarely lead to rearrangements.
